Using [14C]-2-deoxyglucose
autoradiography, we determined which forebrain and diencephalic areas showed metabolic alterations in response to unilateral electrical stimulation of the posterior medial forebrain bundle at parameters chosen to produce a just-submaximal rewarding effect. At these parameters, only a few areas were activated. There was no detectable activation anterior or dorsal to the genu of the corpus callosum. Just anterior to the anterior commissure, there was strong activation of the vertical limb of the diagonal band of Broca, with a focus in the nucleus of the diagonal band. Just posterior to the anterior commissure, there was strong activation of compartment "c" of the medial forebrain bundle (MFB), with weaker activation of the bed nucleus of the stria terminalis and the medial preoptic area. At midhypothalamic levels, the dorsolateral, dorsomedial, and ventral MFB all showed activation.
There was bilateral suppression of activity in the lateral habenula. Activation appeared to end in the anterior ventral tegmental area of Tsai. Reward-blocking doses of the neuroleptic pimozide activated the caudate and the lateral habenula but did not alter any of the unilateral effects of stimulation.
Using longer pulse durations and/or shifting the site of stimulation to the substantia nigra activated many of the systems not activated in the first experiment, including all of the major dopaminergic projection systems, proving the capacity of the technique to reveal activation of these systems. The results permit one to define a discrete projection system that merits electrophys-iological investigation as a likely substrate for the rewarding effect of MFB stimulation. They also suggest that dopaminergic projection systems may not form part of the reward pathway itself.
Behavioral experiments, using methods for determining quantitative properties of the neural substrate, have led to the conclusion that the directly stimulated substrate for electrical self-stimulation of the medial forebrain bundle (MFB) is comprised in substantial part of long, thin myelinated axons descending from forebrain nuclei to the anterior ventral tegmentum (C. Bielajew and P. Shizgal, manuscript submitted for publication; Gallistel et al., 1981) . The detailed quantitative information from these new behavioral methods makes it reasonable to use microelectrode recording methods in a search for the somata of axons that course in the MFB and possess the requisite quantitative properties (refractory periods, conduction velocities, strength-duration characteristics). However, on anatomical grounds, as many as 50 distinct projection systems may be recognized in the MFB (Nieuwenhuys et al., 1982) . One wants, if possible, to narrow the field of search at first to those areas where there is a high density of activated tissue. Autoradiography using the metabolic marker ["C]2deoxyglucose (2DG; Sokoloff et al., 1977) seems ideally suited to delimiting those areas where the search should be concentrated. In order to activate as few extraneous systems as possible, it is advisable to choose the parameters of stimulation just strong enough to produce a substantial rewarding effect, and no stronger. In this paper, we report a survey of the forebrain areas metabolically activated by rewarding stimulation of the posterior MFB, with the magnitude of the stimulation chosen to yield a justsubmaximal rewarding effect.
While the directly stimulated axons responsible for the rewarding effect appear to be predominantly myelinated descending fibers (therefore, not catecholaminergic), there is nonetheless extensive pharmacological evidence that neuroleptics attenuate the rewarding efficacy of stimulation (Liebman and Butcher, 1974; Fouriezos and Wise, 1976; Franklin, 1978; Gallistel et al., 1982a; Gallistel and Karras, 1984) . Their potency in blocking the rewarding effect of stimulation is predicted by their affinity for the dopamine D2 receptor (Gallistel and Davis, 1983) . This has led to the conjecture that one or another ascending dopaminergic projection may form a subsequent stage in the reward pathway (Wise, 1980) . Ascending dopamine projections have also been implicated in the reinforcing properties of psychomotor stimulants (cocaine, amphetamine) and opiates (Yokel and Wise, 1975; Roberts et al., 1977; Pickens et al; 1978; Lyness et al., 1979; Hoebel, 1984) which has led to the suggestion that one of the ascending dopaminergic projection systems, most probably the mesolimbic projection, is a final common path for rewarding effects of all kinds (Wise, 1982) . Therefore, we also examined the effects of reward-blocking doses of the neuroleptic pimozide. 4.0 mm posterior to bregma, 1.4 mm lateral, and 8.5 to 9.0 mm below level skull surface). During sectioning of the brains, all stimulating electrodes were verified to be in the posterior MFB or anterior ventral tegmentum, at the level of plates 38 to 45 in the atlas of Koiiig and Klippel (1967) . Five animals were assigned to each of the five groups. Subjects recerving rewarding stimulation during isotope uptake were chosen from a larger population of implanted animals because they learned to self-stimulate within one half-hour session. Four of the control animals also had electrodes.
Of the five animals receiving only pimozide, two had electrodes and three did not.
Apparatus
Animals were tested in a Skinner box, 26 cm on a side and 46 cm high wtth a hardware cloth floor. Each press on the lever yielded a train of constant-current cathodal pulses. The current and the voltage across the rat were monitored on a differential oscillosope. An electronic switch shunted the stimulating electrode to the indifferent electrode between pulses, to prevent electrode polarrzation.
Procedure
Choice of stimulating parameters. The fixed parameters of stimulation were train duration (0.5 set), pulse duration (0.1 msec), and pulse frequency (100 pulses per set). The current intensity used during the 2DGuptake session was the current that produced a rate of pressing equal to 75% of the animal's maximal rate. Rate-intensity functions were determined by varying the current every 2 min and counting the number of presses in the second min following each change. The current settings were chosen pseudorandomly from a sequence of erght values, spaced 0.1 log unit apart (80, 100, 126, 160, 200,. +A) . The function was determined repeatedly until the current estimated to produce a rate 75% of the maximum did not differ by more than 0.1 log unit from one determination to the next. Animals were assigned to groups in such a way as to approximately equate the currents used. Rats in the self-stimulating (SS) group were paired with rats in the PS group, so that current intensity did not differ by more than 20% within a pair. The SS rats were run first. In the two groups receiving experimenter-administered stimulatton (OS and PS), each rat was yoked to a rat in the self-stimulation group; for a OS or PS rat, the number of trains per min administered during the 2DG session was determined by the average rate of self-admintstration in the SS rat to which it was yoked. The currents employed ranged from 125 to 403 @A, and the rate of train delivery during uptake ranged from 43 to 11 O/min.
Autoradiography.
On the day of autoradiography, rats in the two groups treated with pimozide were given injections of 0.75 mg/kg of pimozide-a reward-blocking dose (Gallistel et al., 1982a )-4 hr before the start of the uptake session. Rats in the other three groups were given injections of the vehicle (0.3% tartaric acid). At the start of the uptake session, rats were placed in the test boxes. At the end of the uptake period, the rats were anesthetized with Chloropent (2 ml, i.p.) and perfused intracardially for 30 set with 3.3% formalin buffered to a pH of 7.4. The brains were removed and immersed in liquid Freon chilled with dry ice to -55°C.
The frozen brains were sectioned on a Slee cryostat at -18°C.
Every 10th section was placed on a coverslip and dried rapidly on a warming tray at 60°C. The coverslips were mounted on cardboard and exposed, along with concentration standards, to Kodak SB5 x-ray film for 10 days in an x-ray cassette. The film was developed in an Industrial Processing X-ray Developer.
If the images did not have a median optical density between 0.5 and 0.9, the sections were exposed again for a longer or shorter period. When images of suitable darkness had been obtained, the sections were stained with thionin (see Gallistel, 1981 , for more details).
Choice of an index of localized alterations in activity. The autoradiographic images were analyzed at the Biotechnology Resource Center at Drexel University.
The system is described by Gallistel et al. (1982b) and Gallistel and Tretiak (1985) who also discuss the reasons for preferring a normalized index of activation, rather than estimates of local glucose utilization, when the purpose of an experiment is to detect discretely localized changes in metabolically coupled functional activity. In the course of the present work, we evaluated normalized indices of activation for robustness and sensitivity. An index of activation is robust if it is unaffected by deliberately produced differences in the overall darkness of images. It is sensitive if the withinanimal and between-animal SDS in the values obtained for a structure are small relative to the difference between the darkest (most active) and lightest (least active) structures.
The indices we evaluated were: (7) the gray-matter to white-matter concentration ratio (the ratio of the mean isotope concentration in a structure to the mean concentration in the white matter); (2) several indices based on z-scores; and (3) the mean relative optical density (ROD). The ROD of a pixel (a digitized 50.pm square spot in an image) is its darkness rank relative to the other pixels in the image. An ROD of 85 means that the pixel is darker than 85% of the pixels in the image. The mean ROD for a structure is the average of the RODS of the pixels in that structure.
To evaluate robustness, we exposed sections from a control animal for three different durations-5, 10, and 20 days. For each index, we made two determinations of its mean value in each of three structures at each of three exposure durations. This yielded a 3 (structures) x 3 (exposure durations) analysis of variance (ANOVA) for each index, with two observations per cell. The three structures, seen in a section through the posterior diencephalon, were the medial geniculate (a very active structure), the optic tract (one of the lightest structures), and the premammillary nucleus (intermediate activity). An index was robust only if the ANOVA showed no significant effect of exposure duration.
Only the mean ROD showed no effect of exposure duration. This robustness is to be expected because rank order is invariant under any monotone transformation.
The ROD also showed the greatest sensitivity; its within-cell error (the square root of the within-cell variance) was 5.6% of the difference between the means for the darkest and lightest structures.
However, this SD reflects only the within animal (between section) variance. To evaluate the sensitivity of the indices in between group comparisons, we turned to the data from the self-stimulation group. In level 2 of our analysis, there is ipsilateral activation of the ventromedial diagonal band of Broca in every section (3/ animal) from all five animals (see Fig. 3 ). We computed the group mean and the associated (between animal) SD for this structure on the stimulated and unsttmulated sides. For comparison, we computed the mean and SDS for the lateral half of the septum, a relatively light area, which is not activated by the stimulation.
This yielded 4 means and associated SDS (2 structures x 2 sides). For the ROD, the average SD was 16% of the difference between the smallest and largest means; for the concentration ratto, it was 26%; for the other indices, it was still worse. To demonstrate the importance of this difference in sensitivity, we did a t-test for the significance of the stimulatedunstimulated difference in compartment "b" of level 2 (see Fig. l ), in which we deliberately did not partial out the between-animal variance (deliberately did not use a paired comparisons test). The difference was significant with the ROD statlstlc, but not with the other statistics. We concluded that the ROD was the most sensitive and robust of the normalized statistics so far suggested, and we used it in our subsequent analyses. Selection and delineation of structures to be analyzed. We first examined the autoradiographs from the stimulated animals, using color windows to highlight differences between the stimulated and unstimulated sides of the brain. A color window colors all pixels whose gray values (digitized darkness) fall within a user-selected range. The color window on the Drexel system is specified by its lower (darker) threshold which is controlled by a joystick, and its width (interval from lower to upper threshold), which is increased or decreased by keystrokes. The operator can sweep windows of various widths rapidly over the image. Side-side differences in activation yield asymmetries in coloration at some positions of the color window. We then drew up a list of structures to be given a quantitative analysis. The list included the structures in which the preliminary inspection had revealed effects, plus areas that make a substantial contribution of descending myelinated fibers to the MFB, plus areas that receive a strong dopamlnergic innervation via the MFB. We found that we could cover all the structures we wished to analyze by working at four coronal levels and analyzing three sections at each level. The levels and the structures analyzed at each level are shown in Figure 1 .
The structures were delineated on the histological image of the original section after aligning it with the autoradiographic image. The autoradiographic image stored in memory was dlsplayed on the monitor and outlined by the computer.
The operator switched the source of the display to the video camera while retaining the outline on the monitor, and positioned the section, which had been stained followlng the autoradiography, within the outline of the autoradiograph.
The operator outlined the structures, following written drawing rules, which were worked out among the authors and the assistants who worked on the image analysis, with the aim of ensuring reproducible delineations.
The rules (available upon request) emphasized the following of unmistakable contours where these existed, and, where clear contours were not present, the tracing of straight or nearly straight lines between welldefined reference points. When the structures had been outlined, the outline was superimposed on the autoradiographic image. The operator placed the cursor inside each outline in turn and requested quantification.
The computer printed out the mean and SD of the pixel RODS along with an identifying label supplied by the operator.
We believe that care taken in the objective delineation of the structures to be quantified is important in achieving reproducible, operator-independent results. Defining structures only with reference to the autoradiographic image and specifying them by name rather than by published outline allows a wide latitude for interinvestigator differences.
Statistical treatment.
The design of the experiment yielded a 5-factor ANOVA for each coronal level, with 2 nested factors. Sections were nested within Animals, and Animals within Conditions.
The unnested factors were Condition, Side (of the braln), and Structure. Since ROD is a proportion and cannot be normally distributed at values close to 100, the arcsin transformation was used. The analysis focused on three series of planned comparisons. To evaluate effects of dopamine receptor blockade on the metabolic activity of each structure, the bilateral average for the two pimozide-treated groups (PS and PO) was compared to the corresponding average for the three groups injected with the vehicle alone (SS, OS, and C). To evaluate the bilateral effects of stimulation on each structure, the bilateral average for the three stimulated groups (SS, OS, and PS) was compared to the average for the two unstimulated groups (PO and C). The denominator in these F ratios was the mean square deviation for Animal within Condition for that structure. To measure unilateral effects of stimulation, the average side-side difference in each structure for the stimulated groups (the right (the stimulated side) minus the left (the unstimulated side) in the SS, OS, and PS groups) was compared to the corresponding average in the unstimulated groups (PO and C). The denominator In these F ratios was the mean square deviation for the Animal x Side interaction for a structure.
We had planned also to compare the two groups receiving experimenter-administered stimulation (PS and OS) to the self-stimulating group (SS). However, where effects of stimulation were seen, differences between OS and PS were as large or larger than their differences with SS, so the comparison was dropped. In view of both the large number of statistical comparisons made and the fact that each ROD measure contributed to three different comparisons, we adopted a stringent criterion of significance, p < 0.01.
Results: Experiment I
Quantitative. There was no detectable activating effect of stimulation at level 1, at and just anterior to the genu of the corpus callosum, nor at more anterior levels. None of the side-side comparisons is significant at this level (Table I) , nor does inspection of the bilateral data from stimulated and unstimulated groups in Table II  suggest a bilateral effect of stimulaGon. This replicates earlier findings (Yadin et al., 1983) . It is also consistent with the finding that unilateral ablation of the forebrain has no discernible effect on the substrate for MFB stimulalon (Stellar et al., 1982) . It appears that the reward pathway-the projection system that carries the rewarding signal from the electrode to the point where its rewarding effect is realized-lies almost entirely posterior and ventral to the genu of the corpus callosum.
Reward-blocking doses of pimozide (0.75 mg/kg) activated the caudate (Table II , levels 1 and 2) but had only a weak and unreliable effect on the accumbens (Table II , level 1; the significance level was p < 0.05) and had no significant effect on the medial frontal cortex or the olfactory tubercle, although these structures also receive strong dopaminergic innervation (Lindvall and Bjorklund, 1974) . The effect on the caudate is seen in both drug-treated groups (PS and PO) at both anterior levels. It probably reflects the fact that acute neuroleptic administration increases the firing rate of nigrostriatal neurons (Bunney, 1984) .
At level 2, just anterior to the anterior commissure, ipsilateral activating effects of stimulation are strong and reliable but are only in more medial structures, structures lying within 1 mm of the midline. There is no activation of the MFB proper at this level, which lies laterally, in the horizontal limb of the diagonal band (as delineated in the atlas of Nieuwenhuys et al., 1982) . The medial structures showing activation at this level include compartment "b" in the atlas of Nieuwenhuys et al. (1982) (see Fig. 1 , for depiction) and the ventral half of the vertical limb of the diagonal band (VDB in Fig. 1 ). There is less strong and less reliable activation in the more dorsal part of the vertical limb of the diagonal band, in what we term the medial septum. This area is not the medial septum proper, which, at this level, is a very thin nuclear area extending only about 0.2 mm to either side of the midline; rather it is the medial half of the general septal area. Again, the finding of strong activation in these ventral and medial portions of the diagonal band replicates earlier findings (Yadin et al., 1983) . There is no evidence of a bilateral effect of stimulation. At level 3, the strongest activation is compartment "c" in the Nieuwenhuys et al. (1982) atlas of the MFB.
The side-side comparison for the bed nucleus of the stria terminalis and the medial preoptic area did not yield F ratios that satisfied our criterion of significance. However, the mean side-side difference exceeds the SE of the mean difference by a factor of more than 2.5 in every stimulated group (and none of the unstimulated groups), suggesting the presence of a weak but reliable effect. This led us to do a nonparametric analysis of these data. In the bed nucleus, the ROD was higher on the stimulated side in 41 of the 45 sections, with the other 4 sections yielding equal RODS on both sides. In 15 of 15 subjects, at least 2 of 3 sections showed greater activation on the stimulated (right) side. Only 5 of 10 subjects in the unstimulated groups satisfied this criterion. The difference in the proportions of animals satisfying this criterion is significant at beyond the 0.01 level by Fisher's exact probability; therefore, we have listed this effect as significant in Table I . The medial preoptic data present a similar picture, the relative frequencies being 15:O in the stimulated groups and 4:6 in the unstimulated.
There were no significant effects of reward-blocking doses of pimozide at this level in the structures we measured. We did not measure the caudate, having sampled it at the two more anterior levels.
At level 4, a midhypothalamic level, about 0.5 to 1 .O mm anterior to the stimulating electrode, there was strong and reliable activation of the MFB. In an attempt to see whether there was any clear localization within the MFB, we divided it into 3 rather arbitrary compartments-a dorsolateral third, a dorsomedial third, and a ventral third (see Fig. 1 ). The activation of all three compartments was significant at beyond the 0.001 level.
At this level was found the only significant unilateral stimulation, a significant suppression of metabolic activity in the lateral two-thirds of the lateral habenula. The only effect of pimozide at this level was a very strong activation of the lateral habenula. Foci of activation. Since a major purpose of this work is to pinpoint areas that may repay electrophysiological investigation, we used color-windows to highlight the major foci of activation at each level. This analysis allowed us to see whether the focus of activation varied from animal to animal. The operator outlined landmarks and structures of interest, working with the aligned histological image, then recalling the autoradiographic image and adjusting the limits of a color window to highlight the focus of activation. The colored pixels within an outlined area were then read into the graphics image (the black on white image created by outlining), creating a stippling effect within the outlined area. The half-tone autoradiographic image was then suppressed, and the stippled graphics image was photographed or printed out on a high-resolution dot-matrix printer.
We first used this analysis to verify the conclusion that the stimulation had no unilateral activating effects in the caudate, the accumbens, the olfactory tubercle, and the medial frontal cortex. There might exist a small focus of activation within these areas that was not picked up in our quantification of the structures as wholes. In Figure 2 , each of these four structures has been stippled by color windows chosen to stipple in the highest IO to 30% of the pixels in a structure. In our experience, a window that stipples in that percentage of the pixels in a structure will reliably pick out a focus of activity. We cannot discern any consistent asymmetry in the stippling in Figure 2 .
In Figure 3 , we set the stippling window to pick out the focus of activation within the vertical limb of the diagonal band. The outline of the area within which the stippling routine was bilaterally applied has been retained on the unstimulated side of the images, but suppressed on the stimulated side, so that it is not confounded with the stippling itself. There is always a focus of activation in and around the nucleus of the diagonal band. In some images, a second focus is seen more dorsally. Figure 4 shows the focus of activation in compartment "c" of the MFB. It appears to be slightly dorsal to the region in which Swanson and Cowan (1979) found the peak concentration of fibers following an injection of tritiated proline into the medial mid-dorsoventral portion of the nucleus of the diagonal band (compare Fig. 4 with Fig. 8C in Swanson and Cowan, 1979, and Fig. 9-3 in Veening et al., 1982) . Perhaps injections covering more of the nucleus would shift the peak concentration in this direction. Figure 5 shows the foci of activation in the MFB at an anterior hypothalamic level, midway between level 3 and level 4, sufficiently far in front of the stimulating electrode so that the activation reflects conducted activation, not activation produced by current spread. This level corresponds to level 5 in the atlas of Nieuwenhuys et al. (1982; Fig. 8 ). In about half the animals, there was a focus of activation just lateral to the vertical bisector of the bundle and slightly ventral to the horizontal bisector, in an area that corresponds approximately to the highest density of descending fibers from the nucleus of the diagonal band (compare the foci of activation in lSS, 2SS, 3SS, 4SS, 4PS and 5PS with the plot of fiber concentrations at level 5 in Fig. 9 of Veening et al., 1982) . In other animals, the focus lay elsewhere, including in and around the fornix (2PS and 3PS in Fig. 5 ). It does not appear from this analysis that the activated projection system necessarily follows any one position within the MFB. It does appear, however, that descending fibers from the nucleus of the diagonal band are often, if not always, activated. As reported previously (Yadin et al., 1983 ) the activation extends back to the more medial portions of A9 and also Al 0, on the border of the interpeduncular nucleus (Fig. 6 ). Within the anterior ventral tegmentum, the peak activation is always immediately ventromedial to the medial end of the medial lemniscus. We have not so far detected any reliable effects posterior to the interpeduncular nucleus, but a full quantitative analysis of the posterior midbrain has yet to be done.
Discussion:
Experiment I
When care is taken to use parameters of stimulation that produce a just submaximal rewarding effect, the areas activated by rewarding stimulation of the MFB are a small subset of the areas in which, on anatomical grounds, one might have expected activation. The major efferent projections from the substantia nigra and from the ventral tegmental area ascend in the MFB to innervate a variety of forebrain regions, including the caudate; the accumbens; the olfactory tubercle; the central, medial, and lateral nuclei of the amygdala; the lateral septal nucleus; the medial frontal cortex; the cingulate cortex; and the entorhinal area; in addition to the nucleus of the diagonal band and the bed nucleus of the stria terminalis (Beckstead et al., 1979; Simon et al., 1979; Swanson, 1982) . Only the last two terminal fields show detectable activation. Areas making substantial contributions of descending fibers to the MFB include the olfactory tubercle, the nucleus of the lateral olfactory tract, the magnocellular preoptic nucleus, the central nucleus of the amygdala, the ventral endopyriform nucleus, the accumbens, the caudate, the lateral septal nucleus, and the lateral preoptic area, in addition to the bed nucleus of the stria terminalis and the nucleus of the diagonal band (Veening et al., 1982) . Again, only the last two areas of origin show significant activation.
The autoradiographic effects of reward-blocking doses of pimozide are also limited. The clear effects of pimozide at these doses (0.75 mg/kg) are seen only in the caudate. The clear activation of the caudate (and less certain activation of the accumbens) probably reflects the activating effect of acute neuroleptic administration upon dopaminergic projection systems (Bunney, 1984) . That such activation is not seen in consequence of the rewarding stimulation suggests that if the stimulation activates these systems at all, then it does so more weakly than acute neuroleptic administration.
The most striking effect of pimozide is in the lateral two-thirds of the lateral habenula, where it produces intense activation. This is the more interesting in that: (7) the rewarding stimulation bilaterally suppresses lateral habenular activity; and (2) amphetamine, which enhances the rewarding efficacy of MFB stimulation (Gallistel and Karras, 1984) , suppresses activity in the lateral habenula (McCulloch et al., 1980) . This led Gomita and Gallistel (1982) to conjecture that both these drugs exert their effect on the rewarding efficacy of stimulation by way of the lateral habenula. This conjecture has not yet been tested by the appropriate lesion or knife-cut experiment.
To our surprise, none of the most prominent dopaminergic terminal areas-the accumbens, the caudate, the medial frontal cortex (the "pregenual" terminal field in the terminology of Lindvall et al., 1978) projections. To check this possibility, we did a supplementary exprojections were strongly activated electrophysiologically, then one periment in which we tried to activate these ascending dopaminergic would expect this to eventuate in strong metabolic activation as projection systems by varying the parameters and site of stimulation. well. Projections composed of small unmyelinated axons should incur a greater metabolic debt from a given level of firing than Experiment II projections comprised of thicker, myelinated axons. However, the Pimozide and stimulation 3PS Figure 3 . Drawings stippled by color windows, from level 2 sections. Note the consistent focus of stimulation-produced activation in the nucleus of the diagonal band of Broca, and, in some animals (2f.S and BPS) a second focus higher in the vertical limb of the diagonal band.
parameters or a artferent site of stimulation, and, more particularly, to implanted in the MFB at the same posterior hypothalamic level used in the determrne whether the 2DG technique could show activation of dopaminergic previous experiment. In five additional rats, the electrodes were aimed at the pro)ectron systems when the parameters and/or the site of stimulation made pars compacta of the substantia nigra (area A9; coordinates: -5.3 from actrvation of these systems more probable. bregma, 1.9 to 2.3 lateral, 7.7 mm below the level skull surface). The rats
Methods
were of the same strain, sex, and general weight as those in the previous experiment. We prepared rats wrth chronically implanted monopolar stimulating elecThe rats with electrodes in the MFB at the posterior hypothalamic level trodes as In the prevrous experiment.
In five rats, the electrodes were were trained to press a bar as in the previous experiment.
Once they had 3ss 3PS
4PS
learned with the standard parameters, the pulse duration was increased to The rats implanted in the substantia nigra (the SN group) were screened 1.5 msec, in the belief that this might recruit unmyelinated projection systems, for self-stimulation and were tested with various parameters of stimulation to As before, the rate-intensity function was determined repeatedly. During elicit strong turning responses. During 2DG uptake, all of these rats received uptake of the 2DG, these rats self-stimulated at the intensity that produced a 0.5set stimulation train at 400 to 600 PA, programmed automatically at 1 a rate equal to 75% of the maximum rate. train/set, throughout the 45min period. Other parameters of stimulation were Level VTA Vol. 5, No. 5, May 1985 Sslf-stimulation --.. varied to maximize the chance of activating different systems. For four rats, the frequency was 100 pps with the pulse width set at 0.1 msec, 0.25 msec, or 1.5 msec (2 rats). The fifth rat was given 0.1 msec pulses at a frequency of 20 pps.
Results: Experiment II In three of the five rats self-stimulating with the long pulse durations the pattern of activation was similar to that already reported. In two rats, however, there was, in addition to the pattern already described, strong activation of the mesolimbic projections to the accumbens, the medial frontal cortex, and the suprarhinal cortex. One rat also showed strong activation of the plexiform layer of the olfactory bulb, the anterior and dorsal olfactory nuclei, the amygdaloid complex, the nucleus of the lateral olfactory tract, and the pyriform cortex (Fig.  7A) . In short, it showed strong activation of many of the ascending and descending systems that were not activated in experiment I.
Of the five rats in the SN group, three had electrode tips in the zona compacta or zona reticulata of the substantia nigra; the other two tips were just dorsal to the substantia nigra but produced strong autoradiographic activation of its dorsolateral portion. All of these animals were screened for self-stimulation, but only one (SN-4) was positive. In these SN animals, the caudate nucleus was examined for autoradiographic effects at level 2 of the MFB analysis. Caudate metabolism was elevated on both the stimulated side and the unstimulated side (SN group versus combined SS and OS groups: ,o < 0.01, for each side). There were marked asymmetries in the strength of caudate activation (Fig. 7B) . Activation was greater on the stimulated side in three animals (Fig. 7B, top three brains) , and on the contralateral side in the other two, probably indicating that different systems were activated by different electrode placements and different stimulation parameters.
Discussion: Experiment II
The results of our second experiment show that our failure to see activation of many of the projection systems in the MFB in the first experiment was not because the 2DG technique is incapable of showing activation of these systems. If these systems had been directly stimulated (therefore strongly activated) in experiment I, then this activation would have been apparent in the autoradiographs. These data, therefore, constitute further evidence that ascending catecholaminergic pathways are not the directly stimulated component of the reward pathway.
These results also demonstrate the importance of choosing the site and intensity of stimulation on the basis of behavioral criteria. In most work to date, careful attention has not been paid to the selection of the parameters of stimulation. There has been some tendency to use strong parameters of stimulation in order to produce strong autoradiographic effects. The two experiments together show that this is not necessary. If the purpose of the autoradiography is to identify neural systems likely to be mediating some behavioral effect of the stimulation, then it is counterproductive to use stimulation parameters substantially stronger than those that just suffice to produce a good behavioral effect. In the first experiment, using parameters that just sufficed to produce good self-stimulation, we obtained strong, highly reproducible, but discrete effects. Using still stronger parameters would tend to recruit additional systems, such as those whose activation we have shown in the second experiment, systems irrelevant to the behavioral effect that interests us.
General Discussion

Activated projections
In Figure 8 , we have assembled the results of our analyses to portray the trajectory of tissue metabolically activated by rewarding stimulation of the posterior MFB. The onset of activation begins in the vertical limb of the diagonal band, with the focus of activation being reliably in and around the nucleus of the diagonal band. There appears to be a second and more diffuse onset in the bed nucleus of the stria terminalis. This may represent fibers passing through this area en route to or from the diagonal band. It may also reflect ascending projections terminating in the bed nucleus. In any event, the most anterior activation is medial, lying for the most part within 1 mm of the midline. Following the activation posteriorly, one sees it swing out more laterally in the anterior hypothalamus, being most noticeable in compartment "c," the part of the MFB just lateral to the medial preoptic area. This area receives descending fibers from the nucleus of the diagonal band and from the bed nucleus of the stria terminalis (Swanson and Cowan, 1979; Veening et al., 1982) . At this level, the medial preoptic area and the bed nucleus are weakly but reliably activated. This may reflect the diffuse presence of activated fibers of passage, or it may indicate that soma of activated descending axons lie in these nuclei, too. By the midhypothalamic level, the activation is found throughout the MFB. Its focus varies from rat to rat, but, more often than not, it lies in compartments "d" and "a." In the posterior hypothalamus, the activation continues to be concentrated in the MFB as the bundle swings medially. Activation appears to end in the ventral tegmental area.
The autoradiographic analysis does not distinguish between reward-relevant activation and the activation of tissue irrelevant to the rewarding effect of the stimulation. To make that distinction, one must turn to electrophysiological recording, where one may test individual neurons for possession of the quantitative properties revealed by the new quantitative behavioral methods (Shizgal and Romp@ 1985) . Also crucial to the identification of the rewardrelevant projection will be knife-cut studies, in which the percentage of damage to the reward-relevant population of fibers is measured behaviorally and correlated with the extent of degeneration seen in various projection systems (Janas and Stellar, 1984) . These autoradiographic results provide clear suggestions about where the recording electrodes and cutting knives should first be aimed. The projection that descends from the nucleus of the diagonal band is a prime candidate.
The dopaminergic projection systems Our data do not disprove the hypothesis that the major dopaminergic projection systems are activated by rewarding stimulation of the brain at moderate parameters of stimulation. However, they provide no support for this hypothesis. The following considerations seem relevant.
There was clear activation of the substantia nigra pars compacta (A9) and of the ventral tegmental area (AIO), as can be seen in Figure 6 . Both of these areas contain a mixture of dopaminergic and nondopaminergic cell bodies (Guyenet and Aghajanian, 1978) , so activation in these areas does not necessarily indicate activation of dopaminergic neurons, nor even activation of terminals ending on the soma and dendrites thereof.
The dopaminergic projections originating in these areas generally have inhibitory effects upon electrophysiological activity in the caudate and accumbens (Bloom et al., 1965; Herz and Zieglganzberger, 1968; Brown and Arbuthnott, 1983) , although there is controversy on this point (Bevan et al., 1975; Norcross and Spehlman, 1978) . One might conjecture that a decrease in postsynaptic metabolism masked an increase in presynaptic metabolism. On theoretical grounds, this is not likely, because the extent of the metabolic changes produced by changes in electrophysiological activity should be a function of the surface to volume ratio, which will be much higher for the presynaptic tissue than for the postsynaptic tissue. We attribute the activation we see to the metabolic deficits incurred by the endings of activated fibers; all of our findings are consistent with this assumption. When we stimulated the substantia nigra directly, we saw strong activation of the caudate (experiment II and Fig. 78 ). When we increased the pulse width in self-stimulating animals, we sometimes observed strong activation of the accumbens and of the prefrontal cortex (Fig. 7A) . In these cases at least, inhibitory postsynaptic effects did not mask presynaptic activation. the ventral accumbens, the suprarhinal cortex, and the olfactory tubercle (third drawing); the amygdaloid complex (third, fourth, and fifth drawings); the nucleus of the lateral olfactory tract (fourth drawing): and the pyriform cortex (drawings 2 to 5). 13, In these five rats with electrodes in the substantia nigra, one sees strongly asymmetrical activation favoring either the stimulated side (top three drawings) or the contralateral side (bottom two drawings). Both the stimulated side and the unstimulated side were more activated than in rats from the two stimulated, undrugged groups in experiment I. 
